Many forms of natural heritage manifested as streams, rivers, ponds, lakes and wetlands play an integral role in maintaining natural beauty, health and a high quality of life. Agricultural intensification in southern Ontario has contributed to elevated sediments, nutrient and bacteria levels in water bodies. Vegetative filter strips (VFS) are control measures that can partially remove sediments and pollutants adhered to sediments from overland runoff before entering water bodies. The objective of this study was to determine the effect of vegetation type, width of the filter strip, runoff flow rate and inflow sediment characteristics on effectiveness of the VFS in removing pollutants from runoff. The results show that sediment removal efficiency increased from 50 to 98% as the width of the filter increased from 2.5 to 20 m. In addition to the width of the filter strip, grass type and flow rate were also significant factors. This study indicates that the first five (5) metres of a filter strip are critical and effective in removal of suspended sediments. More than 95% of the aggregates larger than 40 µm in diameter were trapped within the first five metres of the filter strip.
Introduction
The Clean Water Act and the Nutrient Management Act passed recently in the Ontario legislature have put in motion a massive science-based effort to better understand and protect our drinking water sources. Sediment, nitrogen, phosphorus and bacteria are primary pollutants associated with surface runoff from agricultural fields (McLeod and Hegg 1984; Edwards et al. 1983) . Environmental concern related to nutrient loss and appearance of sediments and sediment-bound contaminants at higher than recommended levels in water systems can be addressed by adopting better management options. Major investments are being made in Ontario to control point and non-point pollution sources.
During the recent past, vegetative filter strips (VFS) have become an important best management practice (BMP) to control pollutant transport by stormwater runoff and are used widely in the United States to enhance the quality of stream ecosystems (Schellinger and Clausen 1992; Mickelson and Baker 1993; Chaubey et al. 1994; Patty et al. 1997; Egball et al. 2000; Fajardo et al. 2001; Boyd et al. 2003) . Numerous studies have clearly advocated the effectiveness of vegetative filter strips as the first defense mechanism in the multi-tier approach of reducing pollutant transport from agricultural fields. Dickey and Vanderholm (1981) studied feedlot runoff and found that VFS can remove up to 95% (on mass basis) of nutrients and oxygen-demanding materials from the incoming runoff with concentration reductions of up to 80%. However, Dillaha et al. (1988) observed a significant reduction in the sediment trapping efficiency of VFS when flow regimes changed from uniform to concentrated flow. Lammers et al. (1991) also observed similar results in a survey of buffer strips in Virginia and concluded that buffer strips were not very effective when water collects in natural drainage ways prior to crossing the buffer strips. Chaubey et al. (1994) observed a mass reduction of total suspended solids (TSS) and total phosphorus (TP) in surface runoff by 66 and 27%, respectively, with a 4.6-m wide filter strip. They also observed an improvement in the ammonia and P removal from swine lagoon effluent with an increase in filter strip width. Such reductions can be attributed to a decrease in flow velocity and the retarding effect of vegetation; however, the reductions in the concentration of soluble pollutants were not as significant Srivastava et al. 1996; Robinson et al. 1996; Lim et al. 1998) . Schmitt et al. (1999) suggested that VFS were more effective in the reduction of particulate pollutant concentration but have less effect on the concentration of soluble pollutants. They investigated the performance of different filter strip widths and concluded that filter strips of 7.5 and 15 m in width can result in 76 and 93% sediment removal efficiencies. Oelbermann and Gordon (2000) evaluated the performance of the VFS by comparing the pollutant concentrations in runoff at the inlet and outlet of the VFS. They concluded that, if properly installed and maintained, VFS have the capacity to remove up to 75% or more of the sediments and sediment-bound pollutants from cropland runoff. Lee et al. (2000) observed that the concentrationbased removal efficiency of sediment-bound nutrients (N and P), in general, followed similar trends as total suspended sediments. Moreover, Abu-Zreig et al. (2003) found that sediment removal efficiency of VFS varied directly with the width of the filter strip, and inversely with the magnitude of runoff flow rate.
Further studies are needed to establish the mechanisms that regulate the transport, deposition and reentry of sediments and sediment-bound contaminants during lateral movement of stormwater runoff through VFS. There is a need to establish design procedures useful for the selection of vegetation and the width of the filter strip effective for protecting receiving water quality for specific site characteristics of runoff, geomorphology and soil. Therefore, in this study field experimentation was conducted to evaluate the effectiveness of VFS under different vegetation, filter strip width and flow rate in removal of suspended sediments from overland flow. The results of this study are being used for the development of the Guelph Design Tool for Vegetative Filter Strips (GDVFS). Perennial Ryegrass is a very fast germinating grass that spreads well under full sun conditions; Kentucky Bluegrass produces a high-quality dense grass but it is slow to establish and does not tolerate prolonged wet or drought conditions; Reed Canarygrass is more climatetolerant grass but is slow to establish; Birdsfoot Trefoil is a legume that tolerates well wet soil conditions; the Red Clover grows and spreads on most soils and has a good winter hardiness and fair drought tolerance.
Materials and Methods

Dimensions of the Filter Strip Plots
The length of the vegetative filter plots represents the width of the grass buffer strips along the stream, which is the most significant design parameter for a vegetative filter strip. The plot lengths at the Carol Creek Site were 5, 10 and 15 m; for each length three plots were constructed with different grass cover types (A, B and C); that is, a combination of three vegetation cover types (A, B and C) and three plot lengths resulted in nine different plots constructed at this site. Similarly, at the Elora Research Farm site nine plots were constructed to test three new vegetation cover types (D, E and F) on three plot lengths (5, 10 and 15 m). However, at the Guelph Turfgrass Institute site four plots were constructed to test only one vegetation cover type (D) on four plot lengths of 2.5, 5, 10 and 20 m. As shown in Fig. 1 , these plots were constructed parallel to each other on a hill of uniform slope of about 5%. Thirty-centimetre wide galvanized sheets were inserted along the sides of the plots and a flow collector was used at the outlet. All plots were constructed 1.2 m (4 feet) wide to ensure a uniform sheet flow with a depth-towidth ratio of less than 5% to minimize the wall effect.
Flow Rates
At the Guelph and Elora sites, water was supplied from a pressurized irrigation system using fire hoses to two large constant head tanks mounted on a trailer parked upstream of the plots, which could supply a steady flow rate of slightly more than 2 L/s (Fig. 1) . A 1.2-m wide weir box was used at the inlet to distribute the flow evenly across the plot. Flow rates typically ranged from 0.30 to 2.00 L/s, measured at both upstream and downstream ends of the filter strips using HS flumes. The plots were pre-wetted with clear water for about an hour before the tests began to ensure a steady-state infiltration rate.
Inflow Sediment Concentrations
For all three sites, a steady-state flow stream of known flow rate and sediment concentration was introduced uniformly at the inlet of the grass filter strip. A mixing column of 295-mm diameter and roughly 2 m long was used to mix soil and water to prepare slurry. A high clay content soil was dried, ground and sieved using US Standard sieve no. 40 (425 µm). For each run a soil-slurry was prepared by mixing a selected mass (0.5, 1, 2 or 4 kg) of sieved soil with 40 L of clean water in the mixing column. A sump pump was used in the mixing column for continuous stirring of slurry during the experiment.
To simulate upland runoff, the prepared slurry was mixed with the clean water and was delivered at the inlet of the filter strip at a set rate using peristaltic pumps into a 1.2-m wide spreading device (perforated PVC pipe) where it was first diluted and then well mixed with the steady-rate inflow of clear water at the weir box upstream of the plots. The slurry-feeding rate was set between 0.5 to 2.0 L/min using an adjustable switch on the peristaltic pumps to ensure a steady supply of slurry for the desired duration of run which varied from 10 to 40 min. The duration of the run was selected to be at least three times the travel time for the plot to guarantee that the concentration of suspended sediments at the VFS outlet had reached a steady-state condition. Flow depth within the VFS was measured near the upstream edge, at midlength and near the outlet of the strip and the travel time was determined as the ratio of volume of the resident water in the VFS to flow rate at inlet. The average depth of flow was between 15 and 50 mm and the average flow velocity ranged from 0.01 to 0.05 m/s, both increasing with the flow rate. The total suspended sediment concentrations at the VFS inflow ranged from 105 to 8525 mg/L, as shown in Table 1 .
Sample Collection and Analysis
For a typical run, at all three sites, two 500-mL runoff samples were collected at the upstream end and two 500-mL runoff samples were collected at the downstream end of the filter strip. Standard analytical procedures were followed for the analysis of the samples. For the TSS concentration measurement, first the volume of the sample was measured and then the sample was filtered through a 0.45-µm filter, oven-dried at 105°C for 24 h and weighed.
Sediment Particle Size Distribution
To study the importance of inflow sediment particle size distribution on the sediment removal efficiency of VFS, runoff samples entering and leaving the VFS were tested using a particle size analyzer (Malvern Mastersizer). Seven sediment particle size ranges were selected: (0.5 < d < 2.9), (2.9 < d < 6.4), (6.4 < d < 12), (12 < d < 39), (39 < d < 68), (68 < d < 151) and (151 < d < 492); where d is the particle size in microns. The sediment removal efficiency was determined by comparison of sediment mass at the inlet and outlet of the VFS in each size range.
Contaminant Removal Efficiency
Since the runs were conducted under steady-state conditions, the "concentration-based" removal efficiency was calculated from the inflow and outflow TSS concentrations. The concentration-based removal efficiency is representative of the conditions in the early spring or late fall where infiltration is negligible. The total sediment load entering and leaving the VFS during the steady-state runs were calculated based on observed values of contaminant concentrations and associated flow rates at both VFS inlet and outlet. The "mass-based" contaminant removal efficiency was also calculated from the total mass of contaminants at inlet and outlet of the VFS that was, in general, slightly higher than the concentration-based removal efficiency due to the infiltration removal mechanism.
Results and Discussion
The objective of this study was to determine the effect of filter strip width, flow rate, grass type and inflow sediment characteristics on the effectiveness of the VFS in removing sediments from runoff. In total, 137 runs were completed between 1998 and 2004.
Statistical Analysis
The data are divided into three sets, one for each site. Full generalized linear models were analyzed including all main factors and various interaction effects. The models are then reduced to include only those factors and interactions which have a significant effect on the concentration-based removal efficiency. The experiment is modelled as an observational study since true replications are not included in the experiment, nor are each possible combination of factors. Aside from the grass type and the year of the study, the variables in each model are treated as covariates since they are recorded as continuous variables and contain the most information in this form. The level of significance used is the 10% level for conservatism. Once the final models were completed, the residuals were plotted against the normal distribution in a quantile plot to verify that the assumptions of the models hold. The residuals for each model were indeed found to be approximately normally distributed with a mean of zero and a constant variance, thus the models are deemed well fit.
Carol Creek Farm. The data taken from the Carol Creek Farm in 1998 included a sample size of 32 measurements. The data were taken from this site only in one year, thus the year is clearly not a factor in this model. All of the factors in the model are treated as fixed and their type III tests are shown in Table 2 .
The filter strip width follows a quadratic form, indicating curvature in the response variable of concentration-based removal efficiency due to this covariate. There are significant interactions between the filter strip width and the flow rate, as well as between the grass type and the flow rate. The main effects of filter strip width, grass type and flow rate are all also shown to be significant in modelling the concentration-based removal efficiency. Note that the sediment loads were found to be insignificant in this model. Two contrasts were also analyzed for this site. The first found that the grass type containing a mixture of Birdsfoot Frefoil and Creeping Red Fescue significantly increased the concentrationbased removal efficiency in comparison to the average of the grass type containing an equal mixture of Perennial Ryegrass, Kentucky Bluegrass and Reed Canarygrass, and the grass type of existing native vegetation. The second contrast confirmed the same results when the flow rate was interacting with the various grass types. Although the data were taken from this site in two years, only 6 measurements were taken in 2003 and so it was deemed appropriate to exclude this year from the analysis. Therefore, the year is again clearly not a factor in this model. All of the factors in the model are treated as fixed and their type III tests are shown in Table 3 .
Elora Research
The factors of filter strip width and flow rate follow quadratic forms, as well as the interactions between these two covariates. This again indicates curvature in the concentration-based removal efficiency, however there is also a significant linear interaction between these two variables. All of the main effects in the model, the sediment loads, the flow rate, the grass types and the filter strip width were found to be significant factors in modelling the response of the concentration-based removal efficiency.
Guelph Turfgrass Institute. The data taken from the Guelph Turfgrass Institute in 2000 and 2002 included a sample size of 72 measurements. Here, both of the years in which the data were recorded contain valid measurements, thus the year is included as a factor in the model. This site, however, contained only one grass type, Peren- nial Ryegrass, therefore the grass type is clearly not included as a factor in the model. Upon initial analysis of the data from the site, one outlying data point was found, was deemed invalid, and thus was removed from the data set. All of the factors in the model are treated as fixed and their type III tests are shown in Table 4 . Again, the flow rate and the filter strip width follow quadratic forms, indicating curvature in the concentration-based removal efficiency. There is also a significant linear interaction between these two covariates. The main effects of year, filter strip width and flow rate are also found to be significant in modelling the response variable of interest. Note that again the inflow sediment concentration was found to be an insignificant factor in this model.
Sediment Particle Size Distribution
Sediment particle size distribution is an important design consideration for the VFS. Figure 2 shows the average (for 58 runs in 2000 at the Guelph Turfgrass Institute site) sediment removal efficiency of VFS for six particle size ranges, including: (0.5 < d < 2.9), (2.9 < d < 6.4), (6.4 < d < 12), (12 < d < 39), (39 < d < 68) and (68 < d < 151), where d is the particle size in microns. It is evident from the data that the first five metres of filter strip play a large role in removal of suspended sediments. The mass percent removal efficiency of a 5-m plot for an average unit flow rate of 1 L/s for the six particle size ranges were: 62, 68, 64, 80, 95 and 97%, respectively. 
